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Chelyabinsk, Russia, February 2013 
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Chelyabinsk, Russia, February 2013 
   ➛ Entry speed: ~20km/sec 

   ➛ Energy: ~520 kilotons of TNT (2.2 x 1015joules)

   ➛ Energy equivalent to magnitude 7.0 earthquake

   ➛ Damage to ~7300 structures over 20,000 km2
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 http://neo.jpl.nasa.gov/news/news186.html

• Earth is bombarded by relatively 
energetic objects with disturbing 
regularity
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• Earth is bombarded by relatively 
energetic objects with disturbing 
regularity 

• ATAP project began in Oct 2014  

• Seeks to provide quantitative risk 
assessment for particular near earth 
objects
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Entry Physics

Air/Dust

Air/Ablation

Bow 
Shock

Precursor 
heating

Radiation 
blockage

“Characterization”

ATAP Elements

• Earth is bombarded by relatively 
energetic objects with disturbing 
regularity.  

• ATAP project began in Oct 2014  

• Seeks to provide quantitative risk 
assessment for particular near earth 
objects

1. Characterization 
2. Entry physics 
3. Propagation to ground 
4. Physics-based risk analysis
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ATAP Elements
1. Characterization 
2. Entry physics 
3. Propagation to ground 
4. Physics-based risk analysis

Goal is prediction of surface footprint

• Far-field propagation drives surface overpressure, wind & tsunami


• These are the key inputs for ground damage & casualty prediction 


• Goal is to be able to vary entry inputs parametrically to understand main 
sensitivity drivers of the ground footprint for Physics-based Risk Analysis (PRA)
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Report current status of effort and connection with PRA and tsunami 

• Modeling tools & solver


• Entry & airburst modeling

• Energy deposition model

• Chelyabinsk Case Study


• Ground-footprint sensitivity

• Line-source vs time-dependent

• Entry angle & spherical blast


• Upcoming Efforts

• Tsunami prediction
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Overview
Report current status of effort and connection with PRA and tsunami 
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• Governing equations


• Atmosphere model


• Numerical Method


• Spherical charge V&V



• 3D Euler eqs. in strong conservation law form

Governing Equations
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• The state vector of conserved variables is 

• Flux density tensor and gravitational body force term are

12

Inviscid perfect gas including body force due to gravity
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Hydrostatic Equilibrium
• For a stagnant fluid, gov. eqs. become 

a statement of hydrostatic equilibrium

@p

@z
= �⇢gz

p(z)

p�
= e�z/H

• Integrate for perfect gas under isothermal 
conditions gives a scale height model of 
atm.

• For real Earth earth atm. typically 
H ≈ 7→8 km


• Chose H to match pressure at both 
the airburst altitude and ground level.
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1976 ISO Standard Atmosphere 

• Use Atmosphere model based on 1976 
Standard Atmosphere (ISO 2533:1975)


• Chose the scale height, H, to match 
pressure at both the airburst altitude 
and ground level.


• Gives correct blast strength at altitude 
and correct overpressure at ground
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1976 ISO Standard Atmosphere 

• Use Atmosphere model based on 1976 
Standard Atmosphere (ISO 2533:1975)


• Chose the scale height, H, to match 
pressure at both the airburst altitude 
and ground level.


• Gives correct blast strength at altitude 
and correct overpressure at ground

Density Contours Temperature Contourst = 0

t = 100

t = 200

t = 300

t = 0

t = 100

t = 200

t = 300

Simple Buoyancy Test

TemperatureDensity



• Fully-automated mesh generation for
complex geometry

• Unstructured Cartesian cells

• Fully-conservative finite-volume method

• Multigrid accelerated 2nd-order upwind
scheme

• Dual-time approach for unsteady flow

• Excellent scalability through domain
decomposition

• Broad use throughout NASA, US
Government and industry
• Over 500 users in aerospace

community
• One of NASAs most heavily used

production solvers, large validation
database

Solver: Cart3D Overview
Production solver based on cut-cell Cartesian mesh method

16

Cart3D



Solver: Cart3D Overview
Production solver based on cut-cell Cartesian mesh method
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• Fully-automated mesh generation for
complex geometry

• Unstructured Cartesian cells

• Fully-conservative finite-volume method

• Multigrid accelerated 2nd-order upwind
scheme

• Dual-time approach for unsteady flow

• Excellent scalability through domain
decomposition

• Broad use throughout NASA, US
Government and industry
• Over 500 users in aerospace

community
• One of NASAs most heavily used

production solvers, large validation
database



Basic Verification & Validation
Blast from a spherical charge

x
ri

ri = 1km
Etot = 520 kt 

Setup
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Basic Verification & Validation
Blast from a spherical charge

• Static spherical charge with
• No buoyancy
• Etot = 520 kt of TNT
• Initial radius, ri = 1km

• Classical refs.
• Brode, H. L.,Blast wave from a

spherical charge, Phys. Fluids (1959)
• D. L. Jones. Intermediate strength blast

wave. Phys. Fluids (1968)
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Etot = 520 kt 



Basic Verification & Validation
Blast from a spherical charge
• Etot = 520 kt, Initial radius, ri = 1km, no buoyancy
• Compare with 1-D spherical blast code

20

1
1

Space-time overpressure evolution 



Basic Verification & Validation
Blasts over ground plane

• Numerous examples static and moving blasts over ground plane with buoyancy

• Static airburst with buoyancy

• Moving airburst

3DCart3DCart

t+100 t+200 t+500 t+1600

21
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• Moving airburst
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Basic Verification & Validation
Blasts over ground plane
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• Numerous examples static and moving blasts over ground plane with buoyancy

• Static airburst with buoyancy

• Moving airburst
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3DCart3DCart

t+100 t+200 t+500 t+1600

• Numerous examples static and moving blasts over ground plane with buoyancy

• Static airburst with buoyancy

• Moving airburst

Basic Verification & Validation
Blasts over ground plane
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Overview

• Modeling tools & solver

• Entry & airburst modeling
• Energy deposition model
• Chelyabinsk Case Study

• Ground-footprint sensitivity
• Line-source vs time-dependent
• Entry angle & spherical blast

• Upcoming Efforts
• Tsunami prediction

24

Report current status of effort and connection with PRA and tsunami 
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Goal is accurate prediction of surface effects from energy deposition inputs

• Focus on ground footprint, not near-field physics


• Abstract entry physics as simply sources of mass, momentum & energy


• Entry characterized by  energy deposition profile via:

• Models (e.g. ReVelle, Ceplecha, H&G, Shuvalov)

• Simulations (Task 2, CTH, ALE3D, Shuvalov, Boslough)

• Light-curve derived profiles (Jenniskins, Popova)

• Infrasound based energy deposition (Brown, ReVelle)



Deposition of Mass, Momentum & Energy
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Goal is accurate prediction of surface effects from energy deposition inputs

Need to derive source terms from deposition profiles 

LETTER
doi:10.1038/nature12741

A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.

1Department of Physics and Astronomy, University of Western Ontario, London, Ontario N6A 3K7, Canada. 2Centre for Planetary Science and Exploration, University of Western Ontario, London, Ontario
N6A 5B7, Canada. 3Commissariat à l’Energie Atomique,DépartementAnalyseSurveillanceEnvironnement (CEA/DAM/DIF), Bruyères-le-Châtel, 91297 ArpajonCedex, France. 4Laboratory for Atmospheric
Acoustics, Institute of Geophysics and Planetary Physics, University of California, San Diego, La Jolla, California 92093-0225, USA. 5Marshall Information Technology Services (MITS)/Dynetics Technical
Services, NASA Marshall Space Flight Center, Huntsville, Alabama 35812, USA. 6Sandia National Laboratories, PO Box 5800, Albuquerque, New Mexico 87185, USA. 7Astronomical Institute, Academy of
Sciences of the Czech Republic, CZ 251 65 Ondrejov, Czech Republic. 8International Data Center, Provisional Technical Secretariat, Comprehensive Test Ban Treaty Organization, PO Box 1200, A-1400
Vienna, Austria. 9Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany. 10Meteoroid Environments Office, EV44, Space Environment Team, Marshall Space Flight
Center, Huntsville, Alabama 35812, USA. 11Space Science Division, Naval Research Laboratory, 4555 Overlook Avenue, Washington DC 20375, USA. 12Natural Resources Canada, Canadian Hazard
Information Service, 7 Observatory Crescent, Ottawa, Ontario K1A 0Y3, Canada. 13Seismology Division, Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands.
14Department of Geoscience and Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands. 15Infrasound Laboratory,
University of Hawaii, Manoa 73-4460 Queen Kaahumanu Highway, 119 Kailua-Kona, Hawaii 96740-2638, USA. 16ERC Incorporated/Jacobs ESSSA Group, NASA Marshall Space Flight Center, Huntsville,
Alabama 35812, USA. 17ET Space Systems, 5990 Worth Way, Camarillo, California 93012, USA. 18Los Alamos National Laboratory, EES-17 MS F665, PO Box 1663 Los Alamos, New Mexico 87545, USA.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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• Focus on ground footprint, not near-field physics


• Abstract entry physics as simply sources of mass, momentum & energy


• Entry characterized by  energy deposition profile via:

• Models (e.g. ReVelle, Ceplecha, H&G, Shuvalov)

• Simulations (Task 2, CTH, ALE3D, Shuvalov, Boslough)

• Light-curve derived profiles (Jenniskins, Popova)

• Infrasound based energy deposition (Brown, ReVelle)



• Release energy, mass and momentum 
into a corridor of known radius, r


• Over each time step, ∆t, the

meteor travels a distance d = V ∆t 

• Given energy deposition profile as a 
function of altitude 


• Derive time-dependent sources for 
mass, momentum and energy

Deposition of Mass, Momentum & Energy
Derive source terms through conservation analysis

d
r
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LETTER
doi:10.1038/nature12741

A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.

1Department of Physics and Astronomy, University of Western Ontario, London, Ontario N6A 3K7, Canada. 2Centre for Planetary Science and Exploration, University of Western Ontario, London, Ontario
N6A 5B7, Canada. 3Commissariat à l’Energie Atomique,DépartementAnalyseSurveillanceEnvironnement (CEA/DAM/DIF), Bruyères-le-Châtel, 91297 ArpajonCedex, France. 4Laboratory for Atmospheric
Acoustics, Institute of Geophysics and Planetary Physics, University of California, San Diego, La Jolla, California 92093-0225, USA. 5Marshall Information Technology Services (MITS)/Dynetics Technical
Services, NASA Marshall Space Flight Center, Huntsville, Alabama 35812, USA. 6Sandia National Laboratories, PO Box 5800, Albuquerque, New Mexico 87185, USA. 7Astronomical Institute, Academy of
Sciences of the Czech Republic, CZ 251 65 Ondrejov, Czech Republic. 8International Data Center, Provisional Technical Secretariat, Comprehensive Test Ban Treaty Organization, PO Box 1200, A-1400
Vienna, Austria. 9Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany. 10Meteoroid Environments Office, EV44, Space Environment Team, Marshall Space Flight
Center, Huntsville, Alabama 35812, USA. 11Space Science Division, Naval Research Laboratory, 4555 Overlook Avenue, Washington DC 20375, USA. 12Natural Resources Canada, Canadian Hazard
Information Service, 7 Observatory Crescent, Ottawa, Ontario K1A 0Y3, Canada. 13Seismology Division, Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands.
14Department of Geoscience and Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands. 15Infrasound Laboratory,
University of Hawaii, Manoa 73-4460 Queen Kaahumanu Highway, 119 Kailua-Kona, Hawaii 96740-2638, USA. 16ERC Incorporated/Jacobs ESSSA Group, NASA Marshall Space Flight Center, Huntsville,
Alabama 35812, USA. 17ET Space Systems, 5990 Worth Way, Camarillo, California 93012, USA. 18Los Alamos National Laboratory, EES-17 MS F665, PO Box 1663 Los Alamos, New Mexico 87545, USA.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Brown et al., Nature, November 2013



Deposition of Mass, Momentum & Energy
Conservation of energy

LETTER
doi:10.1038/nature12741

A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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N6A 5B7, Canada. 3Commissariat à l’Energie Atomique,DépartementAnalyseSurveillanceEnvironnement (CEA/DAM/DIF), Bruyères-le-Châtel, 91297 ArpajonCedex, France. 4Laboratory for Atmospheric
Acoustics, Institute of Geophysics and Planetary Physics, University of California, San Diego, La Jolla, California 92093-0225, USA. 5Marshall Information Technology Services (MITS)/Dynetics Technical
Services, NASA Marshall Space Flight Center, Huntsville, Alabama 35812, USA. 6Sandia National Laboratories, PO Box 5800, Albuquerque, New Mexico 87185, USA. 7Astronomical Institute, Academy of
Sciences of the Czech Republic, CZ 251 65 Ondrejov, Czech Republic. 8International Data Center, Provisional Technical Secretariat, Comprehensive Test Ban Treaty Organization, PO Box 1200, A-1400
Vienna, Austria. 9Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany. 10Meteoroid Environments Office, EV44, Space Environment Team, Marshall Space Flight
Center, Huntsville, Alabama 35812, USA. 11Space Science Division, Naval Research Laboratory, 4555 Overlook Avenue, Washington DC 20375, USA. 12Natural Resources Canada, Canadian Hazard
Information Service, 7 Observatory Crescent, Ottawa, Ontario K1A 0Y3, Canada. 13Seismology Division, Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands.
14Department of Geoscience and Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands. 15Infrasound Laboratory,
University of Hawaii, Manoa 73-4460 Queen Kaahumanu Highway, 119 Kailua-Kona, Hawaii 96740-2638, USA. 16ERC Incorporated/Jacobs ESSSA Group, NASA Marshall Space Flight Center, Huntsville,
Alabama 35812, USA. 17ET Space Systems, 5990 Worth Way, Camarillo, California 93012, USA. 18Los Alamos National Laboratory, EES-17 MS F665, PO Box 1663 Los Alamos, New Mexico 87545, USA.

Time (s)
–3.0 –2.0 –1.0 0.0 1.0 2.0 3.0

A
bs

ol
ut

e 
br

ig
ht

ne
ss

(m
ag

ni
tu

de
)

–28

–26

–24

–22

–20

–18

a

Height (km)
20253035404550

En
er

gy
 d

ep
os

iti
on

 p
er

 u
ni

t h
ei

gh
t

(k
t k

m
–1

)

0

20

40

60

80

100
b

Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.

2 3 8 | N A T U R E | V O L 5 0 3 | 1 4 N O V E M B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

• Given energy deposition we know the total 
energy released is area under profile


• For known entry angle, can rescale profile to be 
energy released along trajectory, x 


E
tot

=

Z
dE

dh
dh

E

tot

=

Z
dE

dx

dx

Etot

area = Etot

29



020406080100
Trajectory Distance (km)

20

40

60

80

100

En
er

gy
 D

ep
os

iti
on

  (
kt

/k
m

)

Deposition of Mass, Momentum & Energy
Conservation of energy
• Given energy deposition we know the total 

energy released is area under profile


• For known entry angle, can rescale profile to be 
energy released along trajectory, x 


E
tot

=

Z
dE

dh
dh

E

tot

=

Z
dE

dx

dx

30

• This energy gets released into the 
mesh cells which intersect the tube 
surrounding the meteor at each time 
step, ∆t

Etot

energy 
deposited in 
∆t 

x

z ∆td    d = V ∆t  



020406080100
Trajectory Distance (km)

20

40

60

80

100

En
er

gy
 D

ep
os

iti
on

  (
kt

/k
m

)

Deposition of Mass, Momentum & Energy
Conservation of energy
• Given energy deposition we know the total 

energy released is area under profile


• For known entry angle, can rescale profile to be 
energy released along trajectory, x 


E
tot

=

Z
dE

dh
dh

E

tot

=

Z
dE

dx

dx

Etot

31

LETTER
doi:10.1038/nature12741

A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
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Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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area = Etot

Alternatively, Etot is the work done by the 
atmosphere to arrest the meteor 
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A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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N6A 5B7, Canada. 3Commissariat à l’Energie Atomique,DépartementAnalyseSurveillanceEnvironnement (CEA/DAM/DIF), Bruyères-le-Châtel, 91297 ArpajonCedex, France. 4Laboratory for Atmospheric
Acoustics, Institute of Geophysics and Planetary Physics, University of California, San Diego, La Jolla, California 92093-0225, USA. 5Marshall Information Technology Services (MITS)/Dynetics Technical
Services, NASA Marshall Space Flight Center, Huntsville, Alabama 35812, USA. 6Sandia National Laboratories, PO Box 5800, Albuquerque, New Mexico 87185, USA. 7Astronomical Institute, Academy of
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Vienna, Austria. 9Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany. 10Meteoroid Environments Office, EV44, Space Environment Team, Marshall Space Flight
Center, Huntsville, Alabama 35812, USA. 11Space Science Division, Naval Research Laboratory, 4555 Overlook Avenue, Washington DC 20375, USA. 12Natural Resources Canada, Canadian Hazard
Information Service, 7 Observatory Crescent, Ottawa, Ontario K1A 0Y3, Canada. 13Seismology Division, Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands.
14Department of Geoscience and Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands. 15Infrasound Laboratory,
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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• Mass loss equation
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• Mass loss equation


• Since aerodynamic drag is


• So, rate of mass loss is
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• Since


• We can relate the mass deposited along the 
trajectory directly to drag.


• Area under profile is now the total mass 
deposited Mtot = (Mentry – MGroundFragments) 

• From mass deposition and velocity, we also 
know momentum deposition
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A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.

1Department of Physics and Astronomy, University of Western Ontario, London, Ontario N6A 3K7, Canada. 2Centre for Planetary Science and Exploration, University of Western Ontario, London, Ontario
N6A 5B7, Canada. 3Commissariat à l’Energie Atomique,DépartementAnalyseSurveillanceEnvironnement (CEA/DAM/DIF), Bruyères-le-Châtel, 91297 ArpajonCedex, France. 4Laboratory for Atmospheric
Acoustics, Institute of Geophysics and Planetary Physics, University of California, San Diego, La Jolla, California 92093-0225, USA. 5Marshall Information Technology Services (MITS)/Dynetics Technical
Services, NASA Marshall Space Flight Center, Huntsville, Alabama 35812, USA. 6Sandia National Laboratories, PO Box 5800, Albuquerque, New Mexico 87185, USA. 7Astronomical Institute, Academy of
Sciences of the Czech Republic, CZ 251 65 Ondrejov, Czech Republic. 8International Data Center, Provisional Technical Secretariat, Comprehensive Test Ban Treaty Organization, PO Box 1200, A-1400
Vienna, Austria. 9Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany. 10Meteoroid Environments Office, EV44, Space Environment Team, Marshall Space Flight
Center, Huntsville, Alabama 35812, USA. 11Space Science Division, Naval Research Laboratory, 4555 Overlook Avenue, Washington DC 20375, USA. 12Natural Resources Canada, Canadian Hazard
Information Service, 7 Observatory Crescent, Ottawa, Ontario K1A 0Y3, Canada. 13Seismology Division, Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands.
14Department of Geoscience and Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands. 15Infrasound Laboratory,
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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A 500-kiloton airburst over Chelyabinsk and an
enhanced hazard from small impactors
P. G. Brown1,2, J. D. Assink3, L. Astiz4, R. Blaauw5, M. B. Boslough6, J. Borovička7, N. Brachet3, D. Brown8, M. Campbell-Brown1,
L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Brightness

Very well studied event, simulations of virtually all aspects of entry, breakup, 
analysis of composition, blast propagation, ground damage, etc.

Brown et.al, Nature, 2013

• 12,500 metric tons, 19.8 m diameter


• Trajectory: 

• 18.6 km/sec, (~Mach 61.7)

• 18° entry angle


• Data

• Ground Damage (glass breakage data)

• Shock arrival times

• Light curve reconstruction

• Energy deposition from light curve & infrasound
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• Trajectory: 

• 18.6 km/sec, (~Mach 61.7)

• 18° entry angle


• Data

• Ground Damage (glass breakage data)

• Shock arrival times

• Light curve reconstruction

• Energy deposition from light curve & infrasound

• Primary references used

• Popova & Jenniskens et al., Science Express, November 2013

• Brown et al., Nature, November 2013

• Chelyabinsk Airburst Consortium, + various other media
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L. Ceranna9, W. Cooke10, C. de Groot-Hedlin4, D. P. Drob11, W. Edwards12, L. G. Evers13,14, M. Garces15, J. Gill1, M. Hedlin4,
A. Kingery16, G. Laske4, A. Le Pichon3, P. Mialle8, D. E. Moser5, A. Saffer10, E. Silber1, P. Smets13,14, R. E. Spalding6, P. Spurný7,
E. Tagliaferri17, D. Uren1, R. J. Weryk1, R. Whitaker18 & Z. Krzeminski1

Most large (over a kilometre in diameter) near-Earth asteroids are
now known, but recognition that airbursts (or fireballs result-
ing from nuclear-weapon-sized detonations of meteoroids in the
atmosphere) have the potential to do greater damage1 than prev-
iously thought has shifted an increasing portion of the residual
impact risk (the risk of impact from an unknown object) to smaller
objects2. Above the threshold size of impactor at which the atmo-
sphere absorbs sufficient energy to prevent a ground impact, most of
the damage is thought to be caused by the airburst shock wave3, but
owing to lack of observations this is uncertain4,5. Here we report an
analysis of the damage from the airburst of an asteroid about
19 metres (17 to 20 metres) in diameter southeast of Chelyabinsk,
Russia, on 15 February 2013, estimated to have an energy equivalent
of approximately 500 (6100) kilotons of trinitrotoluene (TNT,
where 1 kiloton of TNT 54.18531012 joules). We show that a widely

referenced technique4–6 of estimating airburst damage does not
reproduce the observations, and that the mathematical relations7

based on the effects of nuclear weapons—almost always used with
this technique—overestimate blast damage. This suggests that earl-
ier damage estimates5,6 near the threshold impactor size are too
high. We performed a global survey of airbursts of a kiloton or more
(including Chelyabinsk), and find that the number of impactors
with diameters of tens of metres may be an order of magnitude
higher than estimates based on other techniques8,9. This suggests
a non-equilibrium (if the population were in a long-term collisional
steady state the size-frequency distribution would either follow a
single power law or there must be a size-dependent bias in other
surveys) in the near-Earth asteroid population for objects 10 to
50 metres in diameter, and shifts more of the residual impact risk
to these sizes.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Figure 1 | Light curve of the Chelyabinsk airburst. a, The brightness profile
for the Chelyabinsk airburst, based on indirect illumination measured from
video records. The brightness is an average derived from indirect scattered sky
brightness from six videos proximal to the airburst, corrected for the sensor
gamma setting, autogain, range and airmass extinction, following the
procedure used for other airburst light curves generated from video24,25. The
light curve has been normalized using the US government sensor data peak
brightness value of 2.7 3 1013 W sr21, corresponding to an absolute
astronomical magnitude of 228 in the silicon bandpass. The individual video
light curves deviate by less than one magnitude between times 22 and 11.5
with larger deviations outside this interval. Time zero corresponds to
03:20:32.2 UTC on 15 February 2013. b, The energy deposition per unit height

for the Chelyabinsk airburst, based on video data. The conversion to absolute
energy deposition per unit path length assumes a blackbody emission of
6,000 K and bolometric efficiency of 17%, the same as the assumptions used
to convert earlier US government sensor information to energy26. The heights
are computed using the calibrated trajectory10 and features of the light
curves common to different video sites, resulting in a height accuracy of
about 1 km. The total energy of the airburst found by integrating under the
curve exceeds 470 kt. The half-energy-deposition height range is 33–27 km;
these are the heights at which energy deposition falls below half the
peak value of approximately 80 kt per kilometre of height, which is reached
at an altitude near 29.5 km.
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Validation: Chelyabinsk Meteor
Simulation Details

New Time-Dependent chelyabinsk
520kt

Cart3D

520 kt Chelyabinsk case with mass and momentum deposition
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• Energy deposition:

• Etot = (520 kt – 5% radiation)


• Profile from Brown et al. Nature 2013


• Net mass deposited: 

• mtot = 12.5e6 kg


• Trajectory: 

• 18.6 km/sec, (~Mach 61.7) @ 18° angle

• Peak brightness @ 29.5 km

• ~110 km length, 60→24 km altitude

• Assume constant velocity


• 3D simulation with ~90M cells

• Resolution of ~20 m along trajectory 


& ~100 m resolution near ground

• Simulation covers ~300 sec. of real time

Vertical Slice through trajectory
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Validation: Chelyabinsk Meteor

42



-30 -20 -10 0 10 20 30 40
Downrange Distance, X, (km)

-30

-20

-10

0

10

20

30

Cr
os

sr
an

ge
 d

ist
an

ce
, Y

, (
km

)

Validation: Chelyabinsk Meteor
Ground footprint

• Goal is prediction of pressure & velocity on 
the ground


• Blast first contacts ground at t = ~82.7 sec 
elapsed time (~77 sec after peak 
brightness)
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Instantaneous Ground Pressure
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Validation: Chelyabinsk Meteor
Ground footprint evolution

A’A

B’

B

A’A

B’B

t = 160 sec

Instantaneous Downrange Profile

Instantaneous Crossrange Profile
Peak Recorded Overpressure (so far...)

  Instantaneous Pressure Profile

 (inc. =1%)
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Validation: Chelyabinsk Meteor
Ground footprint evolution

Instantaneous Downrange Profile

Instantaneous Crossrange Profile
Peak Recorded Overpressure (%)

  Instantaneous Pressure Profile

 (inc. =1%)
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Validation: Chelyabinsk Meteor
Peak Ground Overpressures
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Fig S38. Glass damage. Red data points were collected during the field survey, purple data were provided by the 

Emergency Department. Open circles indicate that no glass damage occurred. 

 

The most damaged settlements according to official data are shown by purple symbols in Fig. 

S38. The damage area has an extent of about 180 km from north to south and 80 km from east to 

west, but is shaped along a curved arc centered on Yemanzelinsk, extending from the northern 

parts of Chelyabinsk as far south as Troitsk.  

Red data points in Figure S38 are collected during the field survey, purple data points are 

villages that reported damage through the Ministry of Emergencies at Chelyabinsk. Open circles 

are sites where no damage occurred. The red points include many villages that had only a few 

windows damaged (usually in school buildings). Hence, the inner contour of the purple points 

may represent a higher overpressure than the outer contour of the red sites. 

The value of overpressure, Δp, needed to break window glass is dependent on the glass 

thickness and surface area. These values are not different between windows in Russia (most 

affected buildings being from the 20th century) and other locations in the world. Glasstone and 

Dolan [84] estimated the overpressure which caused essential glass damage at about Δp~3,500-

5,000 Pa. According to Mannan and Lees [87], an overpressure of about Δp~700 Pa is able to 
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Validation: Chelyabinsk Meteor
Peak Ground Overpressures

Glass damage data collected by the 
Chelyabinsk Airburst Consortium
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Fig S38. Glass damage. Red data points were collected during the field survey, purple data were provided by the 

Emergency Department. Open circles indicate that no glass damage occurred. 
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Validation: Chelyabinsk Meteor
Peak Ground Overpressures

• Statistical correlation (Mannan & Lees) show 700 Pa (0.69%) shatters ~5% of typical 
windows, 6% overpressure breaks roughly 90%.
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Fig S38. Glass damage. Red data points were collected during the field survey, purple data were provided by the 

Emergency Department. Open circles indicate that no glass damage occurred. 
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Validation: Chelyabinsk Meteor
Peak Ground Overpressures

• Statistical correlation (Mannan & Lees) show 700 Pa (0.69%) shatters ~5% of typical 
windows, 6% overpressure breaks roughly 90%.


• Korkino had highest injury per capita, located 6-7 km from highest predicted overpressure

• Best estimate for overpressure at Chelyabinsk from data  ~2-4% (P. Brown, UWO)

• Footprint similar to those in Popova et al. (ScienceExpress)
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Fig S38. Glass damage. Red data points were collected during the field survey, purple data were provided by the 

Emergency Department. Open circles indicate that no glass damage occurred. 

 

The most damaged settlements according to official data are shown by purple symbols in Fig. 

S38. The damage area has an extent of about 180 km from north to south and 80 km from east to 

west, but is shaped along a curved arc centered on Yemanzelinsk, extending from the northern 
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Red data points in Figure S38 are collected during the field survey, purple data points are 

villages that reported damage through the Ministry of Emergencies at Chelyabinsk. Open circles 

are sites where no damage occurred. The red points include many villages that had only a few 

windows damaged (usually in school buildings). Hence, the inner contour of the purple points 

may represent a higher overpressure than the outer contour of the red sites. 

The value of overpressure, Δp, needed to break window glass is dependent on the glass 

thickness and surface area. These values are not different between windows in Russia (most 

affected buildings being from the 20th century) and other locations in the world. Glasstone and 
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Shock Arrival Time

Arrival time

t = 160 sec
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Validation: Chelyabinsk Meteor
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Shock Arrival Time

Arrival time

t = 160 sec
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Validation: Chelyabinsk Meteor
Shock Arrival Time
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Blast arrival time data


• Mostly from video evidence


• Quite reliable since many have 
time data synchronized through 
internet/cell-service or the flash 
from peak brightness
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Fig S38. Glass damage. Red data points were collected during the field survey, purple data were provided by the 

Emergency Department. Open circles indicate that no glass damage occurred. 
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Validation: Chelyabinsk Meteor
Shock Arrival Time

• First arrival at ~77 sec after peak brightness, 

• Predict ~90 sec (from peak brightness) at Korkino and Yemanzhelinsk

• Arrival in vicinity of Chelyabinsk at 140 - 145 seconds

• Neglected local wind, temperature and other effects of the real atmosphere

• Overall very good agreement with data & best predictions in literature
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Overview

• Modeling tools & solver


• Entry & airburst modeling

• Energy deposition model

• Chelyabinsk Case Study


• Ground-footprint sensitivity

• Line-source vs time-dependent

• Entry angle & spherical blast


• Upcoming Efforts

• Tsunami prediction
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Report current status of effort and connection with PRA and tsunami 



Sensitivity - Entry Modeling
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Time-dependent vs line source – See AIAA 2016-0998...

Time-Dependent

t* = 0.5482 (1.752 sec)

t* = 0.0082 (0.0272 sec)

t* = 2.0 (6.634 sec)

t* = 1.7 (5.63 sec)
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Sensitivity - 90° Entry vs Spherical Charge

01020304050
Distance (km)

0

10

20

30

40

50

60

Al
tit

ud
e 

(k
m

)

01020304050
Distance (km)

0

10

20

30

40

50

60

Al
tit

ud
e 

(k
m

)

t = 10.4 sec t = 10.2 sec

Line Source Spherical Charge

t = 44.5 sec
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See paper...



Overview

• Modeling tools & solver


• Entry & airburst modeling

• Energy deposition model

• Chelyabinsk Case Study


• Ground-footprint sensitivity

• Line-source vs time-dependent

• Entry angle & spherical blast


• Upcoming Efforts

• Tsunami prediction
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Report current status of effort and connection with PRA and tsunami 

M. Berger



Preliminary Effort on Tsunami Coupling
Couple surface overpressure and wind to drive ocean surface

Computational 
Domain

South China Sea

240km

24
0k

m Entry

• Entry over water may trigger 
tsunami 


• Risk – tsunami can turn a regional 
event into a global catastrophe


• Scales: 

• Meteor entry - seconds

• Air Propagation - minutes

• Tsunami Propagation - hours


• Workshop planned for Aug. 2016 
aimed at quantifying risk


• Preliminary results



Energy Deposition
• Largest “reasonable” airburst, 

ETot = 662 MT TNT equiv.        
~ Magnitude 9.1 earthquake 
~ 45000 yr intermittency


• Incoming asteroid has: 

• Diam = 200m 

• V = 20km/sec @ 20°∠

• ρ = 3300 kg/m3


• Trajectory:

• Starts @ 54km

• M∞ = 63.76

• Covers 157.9 km, 20°∠

• Extends to sea level 

t* = 2.2 (7.01 sec)
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Energy Deposition
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t* = 2.2 (7.01 sec)
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• Peak Energy-deposition is 
~70MT/km, @  ~11.4 km  
(34,000 ft)


• Some mass survives to 
ground (~0.4kT/km)


• Isothermal power-law 
atmosphere model, T∞ = 245K 

• Largest “reasonable” airburst, 
ETot = 662 MT TNT equiv.        
~ Magnitude 9.1 earthquake 
~ 45000 yr intermittency


• Incoming asteroid has: 

• Diam = 200m 

• V = 20km/sec @ 20°∠

• ρ = 3300 kg/m3


• Trajectory:

• Starts @ 54km

• M∞ = 63.76

• Covers 157.9 km, 20°∠

• Extends to sea level 



Far-Field Propagation

• Domain Extent: 

240 x 240 x 80 km high 
~58,000 km2 of surface


• ~105 M total cells


• 20 m resolution along 
trajectory, 


• 80 m resolution at sea 
level


• 3D time-dependent 
simulations using Cart3D


• Resources

(1000 cores x ~12 hrs) on 
NASA’s Pleiades system

South China Sea

Computational 
Domain

South China Sea

240km

24
0k

m Entry



Remaining fragments 
arrive roughly at the 
same time as blast

Propagation

end2end_2015.09/t4

t* = 3.0 (9.56 sec)
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Mach 
Contours

First arrival of blast 
wave ~3.4 sec after 

peak brightness

Snapshot at time of first blast wave arrival at sea level

Downrange Distance (km)

Location of 
peak energy 

release

D = 200m, V = 20km/sec, ϕ = 20°, ρ = 3300 kg/m3, ETot = 662 MT tnt equiv.



t* = 4.8 (15.3 sec)
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Propagation
Snapshot of Blast Evolution

Downrange Distance (km)

Blast covers  over 
1000 km2 10 seconds 
after peak brightness

Location of 
peak energy 

release

Mach stem forms in 
downrange and 

crossflow directions

Mach 
Contours

end2end_2015.09/t4

D = 200m, V = 20km/sec, ϕ = 20°, ρ = 3300 kg/m3, ETot = 662 MT tnt equiv.



Ground Overpressure
Recording of Peak Overpressure at Sea Level

Downrange (km)

Crossrange
Downrange (km)
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Peak Overpressure Footprint 3D View of Peak Overpressure

• Roughly circular footprint, roughly centered under location of peak energy release 

• Peak overpressure reaches nearly 84 x sea level ambient pressure (84 bar)

• Peak is narrow, however lethal radius (4 psi ≈ 26.7% overpressure) extends 80-90km from 

ground zero, over 28,000 km2 (!)

D = 200m, V = 20km/sec, ϕ = 20°, ρ = 3300 kg/m3, ETot = 662 MT tnt equiv.
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Tsunami Simulation

• Measure wave height & 
velocity with “gauges”     
at 9 locations, (    )


• Include deep water, 
narrow shelf, and broad 
shelf locations


• Depth near peak energy 
release is ~4.3 km

Instrumentation

Lo
ng

itu
de



Hong Kong

South China Sea
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Tsunami Simulation

• Measure wave height & 
velocity with “gauges”     
at 9 locations, (    )


• Include deep water, 
narrow shelf, and broad 
shelf locations


• Depth near peak energy 
release is ~4.3 km

Instrumentation

Lo
ng

itu
de

• Solve shallow-water 
equations using AMR 
for efficiency


• Simulations take ~800 
core-hrs


• Time-dependent 
pressure from far-field 
propagation drives 
surface

GeoClaw Simulation



Tsunami Simulation

D = 200m, V = 20km/sec, ϕ = 20°, ρ = 3300 kg/m3, ETot = 662 MT tnt equiv.

(Preliminary)



Tsunami Simulation
Water Surface 45 min After Entry 

D = 200m, V = 20km/sec, ϕ = 20°, ρ = 3300 kg/m3, ETot = 662 MT tnt equiv.

t + 5 mins t + 30 mins t + 1 hr

t + 2 hrs t + 3 hrs t + 4 hrs

Wave 
height (m)

(Preliminary)
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200m, 20km/sec, 20° entry,  ρ = 3300 kg/m3
Tsunami Simulation GeoClaw Simulation with adaptive mesh refinement

•

• Over 100k adaptive AMR grid 
blocks track waves in 
simulations


• Energy release equiv. to 
Magnitude ~9.1 earthquake


• Surface overpressures greater 
than 84 x sea level pressure 
drives extremely high waves


(Preliminary)



200m, 20km/sec, 20° entry,  ρ = 3300 kg/m3
Tsunami Simulation
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t + 45 mins

Philippine Coast
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GeoClaw Simulation with adaptive mesh refinement

•

• Waves arrive at Philippine coast 
~40 min after airburst 


• Very little protection and short 
propagation distance lead to 
largest waves observed at any of 
the coastal observation locations


• Peak-to-peak ~50m

• For reference, largest waves 

observed in Japan after 2011 
M9.0 quake were up to 40m


(Preliminary)



200m, 20km/sec, 20° entry,  ρ = 3300 kg/m3
Tsunami Simulation
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t + 1 hr

Vietnamese Coast (small shelf)
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(contours from prev. (too big) run )

data from 2015.10.15 run

GeoClaw Simulation with adaptive mesh refinement

Vietnamese Coast (deep water)

• Vietnamese coast strongly impacted, but longer running distance, and 
rough bottom bathymetry result in wave heights of 16-20m peak-to-peak


• Shoaling slow waves significantly as they approach the coast, observe a 
slight increase in amplitude

(Preliminary)



200m, 20km/sec, 20° entry,  ρ = 3300 kg/m3
Tsunami Simulation GeoClaw Simulation with adaptive mesh refinement
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•
•

• Outer shelf is similar to Vietnamese coast, but coastline itself is strongly 
protected by broad shelf


• ~20m offshore waves reduced to ~6m peak-to-peak near Hong Kong harbor 

• Very shallow broad shelf slows waves significantly over final hundred 

(Preliminary)



200m, 20km/sec, 20° entry,  ρ = 3300 kg/m3
Tsunami Simulation GeoClaw Simulation with adaptive mesh refinement
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Brunei (outer shelf)

Brunei (inner shelf)
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•

• Rough bathymetry with slow propagation speeds reduce wave heights 
significantly to the south


• Even with shoaling, observed wave heights have amplitudes of < 1m as 
they approach the coast

(Preliminary)



Tsunami Simulation Wave Amplitude and arrival times
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Summary

• Outlined modeling for far-field propagation of airburst events

• Used conservation analysis to develop inputs from energy deposition 

• Uses energy deposition curve, detailed geometry not required


• Showed examples of verification and validation

• Good prediction of magnitude and shape of Chelyabinsk ground footprint 

• Shock arrival times agree with observations to within seconds


• Preliminary sensitivity investigations (AIAA 2016-0998)


• Showed how we can extract envelopes and time-evolution of ground 
footprints for use in atmospheric-driven tsunami simulations
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Atmospheric propagation and ground effects modeling 
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Next Steps...

• Parametric studies

• Vary entry angle, size and strength of asteroid

• Parametric modification of energy deposition curve

• Feed to PRA to understand main risk drivers


• Tsunami prediction 

• Examine coupling Cart3D results with GeoClaw

• 2016 Workshop on Asteroid-Generated Tsunami


• Cratering & splashing


• Terrain and structures

Atmospheric propagation and ground effects modeling 
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Thank You!

NASA Advanced Supercomputing Division

NAS Physics-Based Risk Assessment team 

NASA Ames Entry Systems Division – Task 2 team

NASA ATAP Leadership

ATAP Seminar Speakers

NASA NEO Office
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